Abstract
Understanding the energetics of peripheral protein/membrane interactions is important to many areas of biophysical chemistry and cell biology. Estimating free energy landscapes by molecular dynamics (MD) simulation is challenging for such systems, especially when membrane recognition involves complex lipids, e.g. phosphatidylinositol phosphates (PIPs).
We combined coarse-grained MD simulations with umbrella sampling to quantify the binding of the well-explored GRP1 pleckstrin homology (PH) domain to model membranes containing PIP molecules. The experimentally observed preference of GRP1-PH for PIP 3 over PIP 2 was reproduced. Mutation of a key residue (K273A) within the canonical PIPbinding site significantly reduced the free energy of PIP binding. The presence of a noncanonical PIP-interaction site, observed experimentally in other PH domains but not previously in GRP1-PH, was also revealed. These studies demonstrate how combining coarse-grained simulations and umbrella sampling can unmask the molecular basis of the energetics of interactions between peripheral membrane proteins and complex cellular membranes.
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Keywords Ð lipid bilayer; peripheral membrane protein; molecular dynamics; umbrella sampling; coarse-grained The binding of lipid-recognizing peripheral proteins to cell membranes is essential for many cellular processes. Targeting of proteins to specific lipid molecules and/or to bilayers of particular lipid compositions, mediated by lipid-binding domains, allows their recruitment to be regulated in both a temporal and spatial fashion. 1 Perhaps the most intensively studied class of lipid-binding domains is the Pleckstrin Homology (PH) domain, which has been shown in many cases to recognise and bind to phosphatidylinositol phosphate (PIP) lipids. 2, 3 PIPs are a family of lipids characterized by different phosphorylation patterns of a common inositol head-group; interconversion between different PIP species allows them to act as second messengers in a variety of signalling and regulatory pathways. 3, 4 Variations in the sequence of individual PH domains allows them to recognise PIP species with differing selectivities and affinities. 2 The PH domain of GRP1, a protein involved in cytoskeletal dynamics 5 , is of note due its ability to bind phosphatidyl inositol (3,4,5)-trisphosphate (PI(3,4,5)P 3 or more briefly PIP 3 ) with high affinity and selectivity over other PIPs (including the more common phosphatidyl inositol (4,5)-trisphosphate, PI(4,5)P 2 or more simply PIP 2 ). 6 While a number of experimental tools exist for the investigation of the membrane binding of peripheral proteins 7 , the exact molecular and energetic details of protein-membrane interactions, essential for understanding the function and regulation of these proteins, are difficult to elucidate using these methods.
Molecular Dynamics (MD) simulations have been established as a valuable tool for the study of protein-membrane interactions 8 , on time and length scales not readily accessible to experimental methods. In conjunction with free energy calculation methodologies, MD approaches can be used to quantify strengths of interaction of lipids with proteins. Given the temperature !, the binding free energy ∆# is related to the dissociation constant $ % by:
where + is the ideal gas constant and . ⊖ is the standard reference concentration 1M. Several approaches exist for the calculation of free energies. Construction of a potential of mean force (PMF) profile along a physical reaction coordinate using, for example, umbrella sampling 9 may additionally provide insights into the interaction process. While the umbrella sampling approach is well established for protein interactions with relatively simple ligands 10 , the long simulation times required for convergence and sampling necessary for accurate PMF calculation have limited its application to larger systems such as those involving membranes.
The use of coarse-grained (CG) models can allow an improvement in simulation timescales of 2-3 orders of magnitude 11 , and have recently been combined with an umbrella sampling approach to quantify the free energy of dimerization of transmembrane helices (e.g. 12, 13) and the free energy of interaction of cardiolipin with cytochrome c oxidase 14 The atomistic GRP1-PH structure was converted to a coarse-grained representation using the MARTINI force field (version 2.1) 11 to produce an initial PIP 3 -bound structure for umbrella sampling ( Figure 1 ). A GRP1-PH/PIP 2 complex was also generated by replacing the bound 
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The orientation of the GRP1-PH domain relative to the membrane and the residues that contact lipids (using a cut-off distance of 0.5 nm to define a contact) were investigated in each umbrella window for both the GRP1-PH/PIP 3 and GRP1-PH/PIP 2 systems. In windows covering protein-lipid separations ~1.7 to 2.1 nm (corresponding to the first i.e. deeper well in Figure 2 ), GRP1-PH remained stably bound in the initial orientation ( Figure 3A ). The residues with the highest frequency of contacts with the POPC/POPS lipids (residues 277-283
and 322-323), defining the membrane-binding interface, are consistent with experimental results 17, 18 . The residues interacting specifically with the bound PIP ligand (residues K273, G276, R277, V278, K279, T280, K282, R284, R305, K343, N354 and H355; Supplementary Figure 7 ) are, with the exception of G276 and V278, those observed to contact IP 4 in the original crystal structure 26 and are also in agreement with previous experimental and computational results 15, 17, 18, 27 . This initial binding site (the C-site in Figure 3B ) corresponds to the ÔcanonicalÕ PIP-binding site common amongst many PH domains 3 .
Disruption of the canonical binding site by mutation of four key basic residues in the binding pocket, K273, R284, R305 and K343, to alanine (GRP1-4A mutant) resulted in the disappearance of the first well from the PIP 3 -bound PMF profile. The second well was, however, retained, though with a reduced depth of -1 kcal mol -1 (Supplementary Figure 8) .
With the single mutation K273A, shown experimentally to effectively eliminate binding 22 , the first well was retained, however the deeper minimum occurs at the second well, with a value of -2.1 kcal mol -1 (Figure 2 , inset). Using Equation 1, this ~3 kcal mol -1 change in minima compared to the wildtype corresponds to a ~100 fold reduction in affinity. Retention of the second well on mutation of the canonical binding site suggests that it may correspond to a secondary (i.e. non-canonical or atypical) binding mode, distinct from the canonical site.
Orientational analysis of windows covering the range ~2.2 to 2.6 nm (corresponding to the second well in Figure 2 ) in the wild-type GRP1-PH/PIP 3 system reveals a second orientation becomes more favourable at these greater protein-lipid separations ( Figure 3A) . A pattern of residue contacts distinct from the initial windows, though with some overlap, is observed with both POPC/POPS (R322, Y298, K323, K279, and K302) and PIP 3 (K282, R283, R284, R322, K323, W281 and K279; see Figure 3B ; Supplementary Figure 5) molecules. This secondary PIP interaction site is located on the opposite side of the β1/β2 loop flanking the canonical site (the A-site in Figure 3B ), corresponding to though slightly displaced from the ÔatypicalÕ (or non-canonical 28 ) PIP-binding site identified from the crystal structures of several other PH domains 29Ð31 (Supplementary Figure 9) .
Though PIP interactions are usually observed at only one of the canonical and the atypical sites for a given PH domain, interaction with both has been recently reported for the ASAP1 PH domain 29 . As proposed for ASAP1, the secondary site in the GRP1 PH domain may act as a general anionic phospholipid interaction site to promote correct binding via cooperativity: a second anionic interaction site for GRP1-PH has previously been suggested based on experimental evidence 32 . Some interaction at the secondary site was also observed in windows covering protein-lipid separations in the range ~2.2 to 2.6 nm in the GRP1-PH/PIP 2 system, though in general these were less stable than for PIP 3 , with e.g. fewer contacts per frame observed (Supplementary Figure 7) . This explains the presence of the smaller well in the PMF at this protein-lipid separation, and may be due to the lower charge of PIP 2 .
Use of a polarizable MARTINI water model 33 instead of the standard coarse-grained water model has been shown to e.g. improve estimation of the free energies of partitioning of charged amino acid sidechains into hydrophobic environments (e.g. 34). We therefore performed additional umbrella sampling simulations for the GRP1-PH/PIP 3 system using polarizable MARTINI water. In addition to substantially increasing the time required for convergence, the use of the polarizable water model altered the depth of the PMF minimum corresponding to the canonical PIP 3 /PH interaction compared to the non-polarizable model (Supplementary Figure 10) . The polarizable water model also appeared to increase the complexity of the underlying free energy landscape which, given our incomplete understanding of the relative influence of water polarizability on protein-water and PIP-water interactions, is perhaps not surprising.
We also calculated the PMF profile for GRP1-PH bound to a PIP 3 molecule with a reduced net charge of -5, compared to the original -7 net charge (Supplementary Figure 11) . The depth of the first well was reduced by around 2 kcal mol -1 and the second by around 1 kcal mol -1 for the -5e charged PIP 3. PIP 2 also has a net charge of -5e: however, the -5 PIP 3 profile is shallower and in shape more closely resembles that of -7 PIP 3, suggesting that the interactions of PIP 2 and PIP 3 can be distinguished in the coarse-grained model used.
PMF profiles were also generated from initial structures in which the PIP molecule was replaced by either the zwitterion lipid POPC or the anionic lipid POPS. In contrast to the well-shape of the profiles above, the wild-type GRP1-PH/POPC and GRP1-PH/POPS profiles exhibit an energy barrier, with PMF changes upon interaction of +0.7 kcal mol -1 and 0.0 kcal mol -1 respectively (Supplementary Figure 12) . This suggests that binding of the PH domain to POPC/POPS alone is unfavourable, consistent with the lack of experimentallyobserved binding to membranes in the absence of PIP lipids in many cases. 17, 23, 32 A number of experimentally determined dissociation constants of GRP1 from PIP-containing membranes have been published, ranging between ~5 nM and 1 µM (in the range typical for PH domains 2 ) depending on the experimental conditions used (e.g. binding affinity increases at acidic pH, at higher temperatures, and upon the inclusion of background anionic lipids). 17 ,23Ð25,27,32 From Equation 1, using the appropriate temperature reported in each study, these dissociation constants correspond to binding free energies between ~ -8 and -11 kcal mol -1 . The well depth read from the PMF does not directly correspond to the binding free energy 35 : only one dimension is considered, the orthogonal restraints used will bias the effective concentration of GRP1-PH in the system, and despite the restraint constant being selected to minimise the effect on the bound state, some perturbation is still likely to have occurred. Additional energy terms are required to account for these. Following the work of Doudou et al. 35 , the contribution of the restraints in the bound state for the GRP1-wt/PIP 3 system was found to be relatively small (-0.3 kcal mol -1 ), however the effect on relative unbound volume explored is significant, leading to a final standard binding free energy of - 
